Recently, bilayer resist processing combined with development in hydrofluoroether (HFE) solvents has been shown to enable single color structuring of vacuum-deposited state-of-the-art organic light-emitting diodes (OLED). In this work, we focus on further steps required to achieve multicolor structuring of p-i-n OLEDs using a bilayer resist approach. We show that the green phosphorescent OLED stack is undamaged after lift-off in HFEs, which is a necessary step in order to achieve RGB pixel array structured by means of photolithography. Furthermore, we investigate the influence of both, double resist processing on red OLEDs and exposure of the devices to ambient conditions, on the basis of the electrical, optical and lifetime parameters of the devices. Additionally, water vapor transmission rates of single and bilayer system are evaluated with thin Ca film conductance test. We conclude that diffusion of propylene glycol methyl ether acetate (PGMEA) through the fluoropolymer film is the main mechanism behind OLED degradation observed after bilayer processing.
INTRODUCTION
Organic light-emitting diode (OLED) technology based on multilayered thin films of thermally evaporated small molecules has matured in the past decade, with applications ranging from smart phone or tablet displays to solid-state lighting.
1, 2 However, further advances in the structuring techniques of OLEDs are required in order to fulfill its full potential in providing low-cost light sources on a large area substrates 3 as well as to open new opportunities for emerging sensor applications by monolithic integration of state-of-the-art OLEDs with organic transistors, photodiodes or solar cells.
4-7
To date, evaporation using shadow mask is commonly used to structure vacuum deposited small molecule organic semiconductor devices. 8 However, it has severe limitations with respect to providing simple, high resolution and cost-effective integration of the devices on a large scale substrates. On the other hand, photolithography is a parallel, high resolution patterning technique with a well established infrastructure in inorganic semiconductor industry as well as in liquid crystal display technology, where it is implemented for the backplane and color filter patterning. Despite its numerous advantages, photolithographic patterning is rarely applied for planar integration of OLEDs. This is mainly due to the incompatibility between the organic semiconductors and organic or water-based etchants, developers and resists which are used in the processing steps of conventional photolithography. Hence, various modifications to photolithographic structuring of OLEDs were proposed, including dry processing using super-critical CO 2 , 9 direct photo-patterning of polymers containing cross-linking groups, 10, 11 use of protective metal films 12, 13 or exploiting the orthogonality between highly fluorinated materials and organic semiconductors, by using photoresists 14 or light-emitting polymers containing highly fluorinated groups. Due to their low contribution in polar and hydrogen bonding, 16 hydrofluoroether (HFE) solvents have been demonstrated to be compatible with a wide range of organic semiconductor materials. 14, [17] [18] [19] [20] Recently, 21 our group showed a photo-patterning of single color OLEDs using bilayer method combined with fluoropolymer processing in HFEs. The proposed approach was shown to exhibit all the advantages attributed to conventional photolithography. In addition, it provides the compatibility between organic semiconductors and the photolithographic processing steps. In this work, we investigate further steps necessary to achieve structuring of multicolor OLED arrays, as required for e.g. high quality illumination or display applications, by examining the performance of series of devices exposed to different lithographic processes.
EXPERIMENTAL

Photo-patterning Protocol
The simplified scheme of the photolithographic processing is depicted in Figure 1 . A glass substrate with the pre-patterned indium tin oxide (ITO) anode (i) is subsequently covered by spin-coating of (ii) the fluorinated polymer film and (iii) the imaging resist layer (AZ nLOF-2020, AZ Electronic Materials GmbH). Fluoropolymer and imaging resist form 2.7 µm and 2 µm thick films, respectively. Mutual orthogonality between these two layers ensures that processing of the imaging resist does not alter the properties of the fluoropolymer and vice versa. The bilayer is patterned by (iv) exposing defined parts of the surface to the UV radiation (SF-100 broadband exposure system, Intelligent Micro Patterning) and subsequent (v) developing in the Tetramethylammonium hydroxide (TMAH) based developer (ma-D 533 S, Microresist technology GmbH). Subsequently, the pattern is transferred into the fluoropolymer layer by (vi) spin-etching in a HFE solvent (Novec7100, 3M). To ensure the removal of resist leftovers an additional O 2 plasma treatment is applied. During the transfer step imaging resist serves as an etching mask. Next, the OLED stack is deposited (vii) under ultra high vacuum (see below for details) on top of the pre-defined bilayer resist pattern. This procedure is followed by a lift-off in a fluorinated HFE solvent (viii), during which the parts of the OLED stack deposited on top of the given bilayer are removed yielding patterned organic layers. 
OLED Fabrication
Organic materials are commercially purchased and purified by vacuum gradient sublimation. Prior to device fabrication, the glass substrates coated with 90 nm thick ITO were cleaned using ultrasonic treatment in NMethyl-2-pyrrolidon (NMP), distilled water, and ethanol. A single-chamber high vacuum tool (Kurt J. Lesker Co.) is used for OLED device preparation. Organic and metal layers were thermally evaporated at a base pressure of 10 −7 to 10 −8 mbar without braking the vacuum. Evaporation rates and thicknesses of all layers are measured in situ via quartz crystals. Doping of organic film is achieved by co-evaporation. The organic layer sequence is based on the p-i-n device concept consisting of using doped charge transport layers, which enables low operational voltage and independent optimization of the device optics by varying transport layer thickness while maintaining the electrical performance. 22 The device is composed of hole and electron transport layers (HTL and ETL, respectively) which ensure efficient charge injection from the electrodes and subsequent charge transfer. The emission layer (EML) is then sandwiched between intrinsic electron and hole blocking layers (EBL and HBL, respectively), whose role is to confine injected charges and excitons within the emission layer. The stack architectures with optimized layer thicknesses for red-and green-emitting OLEDs 23 are depicted in Figure  2 The doping ratio of the ETL is adjusted to obtain a conductivity of 10 −5 S/cm. The device is completed by depositing 100 nm layer of aluminum (Al, Kurt J. Lesker Co.) which serves as a cathode. The green OLED consists of 50 nm thick Spiro-TTB:F6-TCNNQ (4wt%) and BPhen:Cs as HTL and ETL, respectively. 10 nm thick layer of 2,2',7,7'-tetrakis-(N,N-diphenylamino)-9,9'-spirobifluorene (Spiro-TAD, Lumtec) and 10 nm BAlq 2 are used as EBL and HBL, respectively. EML consist of the phosphorescent green emitter Tris(2-phenylpyridine) iridium(III) (Ir(ppy) 3 , Lumtec) incorporated into double matrix of 6 nm thick layer of 4,4',4"-tris(carbazol-9-yl)-triphenylamine (TCTA, Sensient) and 12 nm thick layer of 2,2',2"-(1,3,5-phenylen)tris(1-phenyl-1H-benzimidazol) (TPBI, Lumtec), with the doping concentration of 8 wt%. 100 nm thick Al layer is used as a cathode. In both OLED stacks the overlap between bottom ITO contact and metal cathode defines the active area of the device, which is 6.76 mm 2 and 10.20 mm 2 for devices defined via evaporation through the shadow mask and photo-patterned pixels, respectively. Electroluminescence spectra of vacuum deposited devices are shown in Fig. 2(c) . After processing and lift-off, the OLEDs are encapsulated in nitrogen atmosphere using glass lids and UV-curing epoxy resin. 
Device Characterization
All measurements of the encapsulated devices are carried out under ambient conditions. Current-voltageluminance characteristics are measured using source measure unit (Keithley SMU 2400) and a calibrated Siphotodiode. The spectral radiance is recorded with a calibrated spectrometer (Instrument Systems GmbH CAS140). Efficiencies are calculated using Lambertian emission assumption. Luminance decay curves are acquired by aging OLEDs under constant current condition. The micrographs of electroluminescent pixels are taken using an optical microscope (Carl-Zeiss-Jena Jenaval).
Electrical calcium tests
Barrier evaluation of the coated polymers is done using electrical calcium tests. In this method, a thin, conducting, metallic calcium stripe reacts to non-conducting calcium hydroxide upon exposure to water. It is contacted electrically and acts as a sensor upon water ingress through the barrier, i.e. the investigated polymers. The quality of a moisture barrier is normally given by its water vapor transmission rate (WVTR), which is directly proportional to the derivative of the calcium's conductance over time. 24 The calcium sensor is contacted in a true four-point-probe conductivity measurement to avoid series resistance issues. 25 The Ca-Test stack consists of three layers, all of which are thermally evaporated in a multi-source evaporation system (Kurt J. Lesker Co.) at a base pressure of 10 −8 mbar. Deposited onto a 2.5 · 2.5 cm 2 BK7 glass substrate (Schott, Mainz, Germany) are 100 nm of aluminum electrode fingers, 100 nm of calcium sensor (length: 11 mm, width: 5 mm), and 100 nm C 60 . The latter is deposited over the whole sensor and acts as a mechanical decoupling of barrier and calcium. 26 Functional structuring of the evaporated layers was achieved by shadow masks placed in the evaporation path. Kapton tape is used to protect the samples' contact pads during spincoating deposition, which follows the evaporation process directly. All handling and processing before the measurement takes place in vacuum or in interconnected gloveboxes (MBraun, Garching, Germany). In the gloveboxes, an inert nitrogen atmosphere is kept with residual water and oxygen contents of below 0.1 ppm. Due to the fast reaction times of calcium thinfilms, the measurements are performed under ambient conditions at 22
• C and approx. 50% relative humidity. To keep fluctuations of the ambient climate to a minimum, all samples are measured consecutively in under an hour. For the WVTR measurement, each sample is taken from the glovebox individually and connected to a Keithley 2400 source measuring unit (SMU) (Keithley) in under 30 seconds. The SMU is connected to a measurement PC running a custom-made python program which performs a four point probe conductivity measurement with a set voltage of 20 mV every second. Measurements are done until complete calcium corrosion of each sample and generally takes between five to ten minutes. For more information on the electrical calcium test, see Klumbies et al. 
RESULTS AND DISCUSSION
In the following, we present the results on photolithographic patterning of single color phosphorescent p-in OLEDs using the bilayer approach. We demonstrate both, red and green OLEDs exhibiting comparable performance after the lift-off in HFEs to that of the reference devices defined by evaporation through the shadow mask (Sec.3.1). Next, we consider further steps required for integration of different color pixels on a planar substrate. We estimate the effect of air exposure and deposition of bilayer resist on non-encapsulated OLED devices, in terms of their electrical, optical and lifetime parameters (Sec.3.2).
Photo-patterning of Single Color Phosphorescent OLEDs
Large area OLED pixels (10.2 mm 2 ) were structured using photolithographic bilayer approach in order to guarantee a reliable comparison of device characteristics. Standard vacuum deposited red and green stacks defined via evaporation through shadow mask were used as a reference (r0 and g0, respectively). Figure 3 shows the current-voltage-luminance (jVL) characteristics and external quantum efficiency (EQE) and luminous efficacy (LE) of the reference and the photo-patterned devices (rP, gP). It can be seen that both rP and gP show comparable jVL performance under forward and reverse bias operation (Fig.3(a) ). Slight flattening of the jV curve is observed at higher current densities for a number of photo-patterned devices. This varied performance can be attributed to the morphological instability of certain organic films. Despite, emission properties of photopatterned OLEDs are unaffected and both rP and gP reach EQE of 17.0% and 14.9% and LE of 28 lm/W and 57 lm/W at 1000 cd/m 2 without using additional light extraction structures, in line with state-of-the-art of the OLED technology. Further improvement in the device yield could be achieved by exchanging current n-transport layers with materials exhibiting high glass transition temperatures and low tendency to recrystallize. approach, repetition of the processes described in Sec.3.1 and Fig.1 would ultimately achieve the goal of multicolor patterning. However, several aspects different from the single color structuring have to be considered. First of all, unless the fabrication utilities are equipped with photolithographic tools operating in the inert atmosphere, the effect of the exposure of devices to ambient conditions for a limited amount of time have to be accounted for (a). Secondly, the fluoropolymer must be deposited and developed while being in direct contact with the OLED stack beneath (b). Besides, deposition and development of the imaging resist (c) together with baking of the resist at the elevated temperatures (d), plasma etching (e) and the UV exposure (f) might as well harm the OLED stack. In the next section, we focus on estimating the tolerance of the red OLEDs towards processing steps (a)-(c), i.e. exposure device to air and deposition/development of the bilayer resist.
Bilayer Processing on p-i-n OLEDs
After the deposition in vacuum, various additional treatments were performed on non-encapsulated red phosphorescent OLEDs. Afterwards, test samples were encapsulated as described in Sec.2.2 and their performance was compared to reference devices r0. Some of the OLEDs were exposed to ambient conditions for 4h (test device r1). Fluoropolymer layer was spin-coated on the test device r2 in the inert N 2 atmosphere before 4h air exposure and then developed in HFE solvent. In addition to the fluoropolymer processing, imaging resist was spin-coated in the inert atmosphere and developed in air with TMAH based developer (samples r3 (30min air exposure) and r4 (4h air exposure)). Table 1 summarizes the treatment of the test devices.
Initial jVL characteristics of reference OLED r0 and test samples r1 and r2 are shown in Figure 4 (a). It can be seen that the electrical performance of r1 under forward bias operation is comparable to the reference device. However, exposure to air results in the decrease of the initial luminance L 0 , which is observed from the In order to achieve integration of three or more different OLED stacks on the same substrate, further processing steps and their influence on device performance have to be considered. In case of the proposed bilayer onset of the emission and is increasingly more pronounced at higher luminance values. At a current density of j = 100 mA/cm 2 , L 0 decreases from 18120±85 cd/m 2 for reference device r0 to 14690±950 cd/m 2 for r1. Comparison between r1 and r2 shows that additional fluoropolymer deposition and development does not alter device performance. This indicates that device exposure to the ambient conditions is the main factor affecting the OLED performance, while fluoropolymer processing is compatible with the OLED technology. Slight further drop in the initial luminance of r2 (L 0 = 14090 ± 950 cd/m 2 at j = 100 mA/cm 2 ) is within the sample to sample variation range, and could be attributed to additional sample handling step. Table 1 . Samples tested for air exposure/bilayer processing. Fluoropolymer/imaging resist deposition and fluoropolymer development were performed in an inert atmosphere. Development of the imaging resist was done in the ambient conditions.
Sample name Description
In order to compare long-term stability of the test devices, OLEDs were aged at constant current density of j = 100mA/cm 2 . At such elevated current densities, various exciton annihilation mechanisms set in 27 and have to be considered to fully understand the degradation mechanism. However, since the device stack is kept constant throughout this work, we can attribute the changes in OLED performance of different test samples to the extrinsic factors, such as oxygen and moisture.
28, 29
Figure 4(b) shows luminance decay curves of devices r0, r1 and r2. Rapid decrease in luminance within the first several hours can be observed in all of the samples. Since Al cathode is porous to both oxygen and water, 30, 31 initial drop in luminance is more pronounced in the samples r1 and r2, which were exposed to ambient conditions. This initial degradation is more pronounced in device r1, as indicated in the faster increase in the normalized luminance difference r1 and r0 ∆L r01 as compared to ∆L r02 (normalized luminance difference between r2 and r0) over the first hours of device operation.
A common practice to describe an OLED luminance decay over time L(t) is to use combination of exponential decays 28, 32 ( Equation 1)
where fitting parameters k int and k deg denote degradation rates of initial and monotonic decay, respectively, with corresponding amplitudes a and b. The lifetime LT90 is then estimated at a point where the initial luminance L 0 drops to 90% of its initial value. Since LT90 measured at the same current corresponds to different initial conditions for different samples, for better comparison, LT90 at a specific initial luminance can be extrapolated using Equation 2:
where n is the acceleration factor found empirically to be 2.2. 21 As shown in Figure 5 , LT90 values extrapolated at L 0 = 1000 cd/m 2 drops from 810±150 h for reference sample to 401±75 h and 437±68 h for r1 and r2, respectively. This minor improvement in lifetime, together with slower initial increase and saturation of ∆L r02 indicates slight moisture barrier performance of the fluoropolymer layer. Electrical calcium tests (Ca-Tests) are performed to exclude OLED degradation by massive introduction of water into the device when using the imaging resist and to determine potential barrier qualities of the used spincoated materials. We find WVTRs of the fluoropolymer and bilayer resist to be 9.0±1.0 g/(m Finally, we present the results on the full bilayer processing performed on the p-i-n OLED structure, including deposition and development of the imaging resist. Initial device performance is found to be severely diminished after 4h air exposure and bilayer processing. More than 5-fold decrease in both EQE and LE is observed, together with an increase by approx. 130mV in turn-on voltage, as compared to reference devices. However, the effect can be minimized significantly by reducing the time bilayer is in contact with the OLED stack. Devices kept in ambient conditions with fluoropolymer/imaging resist for 30min reach EQE of 13.08 ± 2.11% and LE of 18.40 ± 7.89lm/W at 1000cd/m 2 . As can be seen from Fig.5 both L 0 and LT 90 are as well highly reduced after the bilayer processing (samples r3 and r4) and are higher for the sample with a lower tact time. Measurement results are summarized in Table 2 . The native solvent of the imaging resist is propylene glycol methyl ether acetate (PGMEA). Immersing of the OLED into the PGMEA results in a rapid destruction of the device. Considering this, together with Ca-test results and the pronounced dependence of OLED degradation on the time bilayer stays on the OLED structure, we attribute the degradation induced by the bilayer processing mainly to the diffusion of the PGMEA, which is introduced by the imaging resist, through the fluoropolymer layer and subsequent swelling of the active OLED layers. In summary, we have demonstrated that the bilayer structuring approach combining sacrificial fluoropolymer layer beneath imaging resist and lift-off in hydrofluoroethers enables photolithographic patterning of a single color OLEDs based on p-i-n device concept. Both, red-and green-emitting photopatterned devices reached external quantum efficiency of 17.0% and 14.9% and luminous efficacy of 28 lm/W and 57 lm/W at 1000 cd/m 2 , respectively, in line with the state-of-the-art phosphorescent OLEDs structured via evaporation through the shadow mask. Additionally, we presented results on series of device treatment tests performed to elucidate main limiting factors for extending the proposed bilayer approach to the integration of the multicolored OLED arrays. Deposition of the fluoropolymer in direct contact with non-encapsulated p-i-n device and subsequent processing in HFE solvents were found to be compatible with the OLED technology. Besides, slight improvement in the long-term operation of the devices with deposited fluoropolymer layer exposed to air can be attributed to the moisture barrier properties of the deposited film. Finally, full bilayer processing was performed on p-i-n devices and it was shown to be detrimental to both initial and long-term performance of the OLEDs. Further research is focused on search for imaging resist with better compatibility with organic semiconductors as well as for polymers exhibiting better barrier properties combined with solubility in HFEs.
